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ABSTRACT

Measurements of the structure of a swirl-stabilized, reacting spray are presented. The configmafion

consisted of a research air-assist atomizer located in the center surroua(kd by a coflowing air stream. Both the air
assist and coflow streams had swift impmed to them in the same direction with 45 degree angle swirlers. The fuel
and air entered the combustor at ambient tempezatm'eand the com_ was operated in an unconfined environmeat.
The gasphasewas seededwithalmninum oxide I_liclesin ordertoobtainvekx:itymeasurements.Velocity
measmements for the gas phase are _caed for both an isothenn_ single-plmse case without drops and a reacting
spray case at axial distances fxom 2.5 to 350 mm downsmuun of the nozzle. Both mean and fluctuating values are

Heptane fuel was used for all the experiements. Drop size and velocity, and drop number flux are also
reporled for five axial distances downstream. Both mean and fluctuating values are reported for the drops. The
m_ were performed using a two-component phase/Do_ler particle analyzer. Profiles across the entire
flowfiekl where velocities were significant are presented. Mean gas phase temtgammcs were also measured
intrusively using a single pt/pt-13%rh tlgnnoa_le and are reported at axial distances from 2.5 to 200 nun
do_ of the nozzle.

INTRODUCTION

Combusfing sprays are very important fora large number of projmlsicn applkaticns. Impcrlant physical
processes involved in combusting strays are the interactions between the dmp_ and the _ _, _ _
of the drcpkts, and chemical reaction with associated heat release. These physical _ are an coupled and can
only be c_npletely described using nmnen'cal modeling. As part of an effort to imlxove the numerical modeling
of spray combustion for gas turbine combesto_ an expaimeatal study has been performed to obtain a data set for
a fiquid-fuebxl comlmst0¢ with simplified geometry that can be used fo¢ comlmisoe with numm'ical models.

Because of their nmnezous practical appficatioes, swirling flows with combustkm have been studied by a
large number of investigators. Earlier reviews of swirling flows both with and without combustion aze Ixcseated by
Chigie_, Syml and Beer2, and Lilly 3. These papers predate the developme_ of non-intrusive, laser-based
diagno_cr, consequently all of the results described were obtained using instrusive instrumentation and detailed
structure incasing,merits for these types of flows were not posm'ole.

With the adveat of newer iaUremcmatioo techniques, namely laser _ memmmry (LDA), velocity
mcasmcmeals coeld be oblained and additional details of the _ of the_ types of flows began to emerge.
Laser _ mememelry velocity measmemeats in slray flames are reported by Styles and Chigiet' and Khalil
and Whilelaw s. They reveal some of the flowfield _ure of swirling flames bet drop size aad size
velocity measmemeats were not possible.

The development of the phase/Do_l_ particle analyzer, _ by Bachalo and I-Ioes_, enabled the
simulmnecms measmem_ of droplet size and velocity. Tots insUmuem has beea used by a number of investigat0fs
for meamnmneats in slray flames in a variety of ccnfigmafions. Mao, ct al._ _t _cr _ts
of Sauteg Mean Diameter (SMD), mean axial drop velocity, drop numbea"density and liquid flex in a swirl-_
unconfined spray flame using an air-assist atomizer. No gas phase rcstflts are rcpmled and the measurements were
taken from 10 to 75 mm downstream of file nozzle. McDonell and Samuelsen* present measuremeats taken using
a two-compment phase2Doppler system in a model can combustor under reacting and non-reacting conditions. The
measm'ements were relxr_ from 50 to 100 mm downstream of the nozzle. Edwards, et al? report drop size, drop

velocity, drop size distribution, and liquid volume flux in a swirl-stabilized, semi-ccnfit_ flame at 10 to 100 mm
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downstreamofthenozzle.Gasphasevekgitiesm-e_ at axial kgatims fxem 25 to 100 mm do_ using
a combination of standard LDA wilh 8as-phase seeding and phase/Dcq3plca"measurements for 2 mic_medrops where
possible.Nogasphaseresultsrare_at I0mm downstt_mn.F=dwardsandRudoffmreportmean dropamd gas-

phasevelocityvectorsforlhesameceefigumtk_The gasphasemeasm'ennemswereobtainedusingastandardLDA
system with seeding particles and were reporled to be 'q_ased" in regims whe_ a substantial number _ drops were
present. Ohaffmpoer and _" present phase/Doppler measeremems in a swiri-smbilize_ confined combester
at axial locations from 15to 100 mm downstream of the nozzle. Mean drop velocities and SMD arereptwl_ at six
axial locations. Gas phase velocity was measmed using LDA without drops or combestion. Ptmse/Doppler
measurements of drop size and velocity as well as gas-phase vekgity in a swirl-stabilized c_mbusting spray are
t_ported by McDonell and Samuelsen n. The combestion air flow was seeded in ¢_ier to make the gas phase
measurements. Measurements me reported at axial distances of 50, 75, and 100 mm downsU_mn of the nozzle.
Hassa, et aL" presents _ler measuremems in a cylindrical c_3mbust_ using an air-assist atomizer at axial
dismncesf_3m7to97mmdo_ofthenozzle. Both drop and gas plmse velocities are _ Gasphase
measmenaents in the reacting flowfield were made ustag the smaller dn3ps as Uacing panicles. "l'nisrequired some

judgement in order to _ what size dm_ should be used Io relnsent lhe gas phase and also req_ _ _
of larg_ drops to represent the gas phase at larg_ axial dislanoes due to _ _ of _ _. Tempenttme
_ were also pmvid_

Measurements of drop size are also available using other techniques. Presser. et al?4 _ drop SMD
m_ in a swirl-stabilized _3nfined flame from I0 to 76 mm dowmtream of lhe nozT_ using an resemble
lightscatte_gtechnique. Mean drop _ measmcmeam were obtained usingstandmdLDA. Gas phase

measurem_tsarep_x_t_ onlyforthecombustionairunderismlznnalconditio_withoutthepresenceofthedrops.
A cem_ of dr_ sizes measured using three techniques is reported by Zurlo, et aLiS. Measurements we_
obtained usingtheensemble sc_ing/po_on ratio, _ler and lightintensitydeconvolution technklues.
Drop mean size and numbs" density measm'm_ts were not the same due to the sele_dve sensitivity of each
technique to a diffcaent size range.

These ngasmeaents in swid-stabilized spray flames imve been ve_ useful in woviding detaikd __
regan_g the stngture _ these fiowf_ds. Some of the data frmn them are also useful for the develelanent of
omnputer modeh. Most, however, do not pmvide emugh detaited tnfommfim for both the nquid and ps-pimses
for the de_ent of nmdels, especially for initial conditions dose to the nozzle. Hassa et aLtSprovides the nearest
measm'ements at 7 mm fx_m the nozzle.

_XP_TAIMfl_'qT

The Iaresentstudy is mamtmmqptto provide a set _ measurements that can be used in order _ _ a _
undenlmading _ the physics for ccmalmstortype flowfiekls. The combmlgx" utilized in the present _ is
illusuated in figure 1. It mnsists of a center moented air-assist fuel mzzle, Pmtga'Hannifinresearch simplex_-
amistammiz_,_by ac_l_singairstream. ThencgzlecO.fi_diameturwas4.8 ram. Both the air assist
and Ihe coflow air streams had swirl imlmmtedto them ruing 45 degree swirka_ "Ihe swklml were _ by
nugldning 45 degree slots into rings. B4Xhstreamswet_swidedia thesamedim:fi(mfortbelxeSentsmdy. The
omnbumim air was not _ and ea,emd ehe oombm*m"at 297 ± 3 K. The mp of ebe ak-assist mzzle was
water cooled to weveat _g of an o-ring in the nozzle assembly md keep the atomizut"g akand liquid fuel
at a c_mmnt inlet _ of 297 + 3 K. The tem_ o/"the fuel, atomizing air and coflow air storms
we_ measmed usingCleemalAlumeld_mmocoeple_ Fk_ ratesoftheairseeamsweremeasuredusingcalibrmed

odfa:es and Ihe fuel flow rate was meastwed using a nmss _. A single set ef operating ceadilims was
clmse_ whe_ _e combestor operated in a stable mode, soot wm relatively minor, and m_ coeld _ _
nea_ the injecm_ itselL AU results gepoNed in the wesem study were taken at a inflow air flow rote of 13.88 g/s,
an air-amist flow rete of 0.96 g/s, and a fuel flow rate _ 0.38 g/s. _ ia etese flow rotes is estinmted at
+5percem. The fuel usedwasheptane. TheceflowsUeam entered thecembestm'inthreeradiallomtim_pessed
threugh a Imneyce_b flow stndghten_, and then the swider before exiling the combuslor. The swider was io_mai

140 mm upsWeamof Ihe _omimst_ exit in order to minimize waiges from the swirkr. The flow from the _mbustor
discharged upwards into ambient, slagnant summndmgs. A photograph of the combuslor in oper_icmis shownin
fig. 2. A laserlight sheetwith a thicknessofnppmxinmlely 1 mm WmlX_sed lhrough the cente_of the fl_



and used to illuminate the droplet stream. The photograph was taken at 90 degrees relative to the laser light sheet.
It is evident that a few very large drops are able to penetrate the combmtiou zone with a relatively straight trajectory.

The combmtor was mounted verticall within a large (1.8 m square by 2.4 m high) enclosure. The entire
enclmme was mounted on two sets of liuear _ and was traversed using _ _ to wovide m_ in

two directions. The combustor assembly itself could be Iraversed in the vertical direction using a third stepper motor
to allow _ts at all locations in the flowfield. This anangement allowed rigid mounting of all optical

components.

Instrumentation

A phase/Do_ler lmerticleanalyzer was used for all velocity and size measurements. A two-component
system using green (514.5 m) and blue (488.0 nm) beams from an argon-ion laser operating at 1.5 watts power
output was used for the measurements. The Iransmitting optics utilized a 500 mm focal length lens combined with
a 300 mm fl collimating lens to yield a focused beam waist of 131 microns for the green and 124 microns for the
blue lines. The receiving optics were _ 30 degrees off axis in the forw'md-scauer direction. Light was
collected using a 500 mm focal-length f 5.4 lens and then focused onto a 100 micron by 1 mm long slit. Details
of the instrument can be found in ref. 6.

In the present study, velocities _ both the liquid and gaseous phases were measured. This was
accomplished by seeding the gas phase with nominal 1 micron size aluminum-oxide particles. The coflow, air-assist
flow, and the ambient surroundings were all seeded to minimize biasing due to concentration gradients. Phase
_ is inherent in the instrument with the ability to size each meamm_ particle. At each _atial kcatimt,
two measurements were taken in order to measure the velocity of each phase. A threshold voltage for the

at the specified laser power was determined experimentally, below which signals from the aluminum-
oxide particles were not detected. For the d_plet measuremenls, the photodetector voltage was kept below this
threshold value in order to eliminate interference from the aluminum-oxide particles. Pmicles with diameters smaller
than 2.4 microm were used to rewesmt tbe gas phase velocity. TWo complete Uave_es at each axial statiou were
performed in order to meame all tluee compments of velocity and provide a checkon flow symmetry. Each
traverse measured axial velocity and either radial or tangential velocity. Cgeemlly, 64000 measmmuent attempts
were made at each measurement location. In regions where there were few drops, data was taken fora minimum
of 600 s. The percentage of vatidated measurements varied deggnding on the number deueity, size dism'butim, and
velocities of drops at each location, but geuerally ranged fium about 65 to 90 _ for the drop meamumnmtts.
Validatiomwith particle sizing for the gas pha_ measurements using the aluminum-oxide sueding particles was much
lower aad gmmally averaged about 20 percent. Where drc_ were not present in the flowfiel_ the gas pha_
mmmumneats of velocity were taken with sizing disabled. Tests at them: locations showed emenlially no diffetmge
in measured values with the sizing disabled ¢_3mpmed to _ taken with the sizing ettabled.

Gas phase mean temlgratmm were measured using a single pt/pt-13%th thenntgouple traversed through
the flowfield. The 16cm long therntoccuplehadameJal sheath 1.59 mm in diameter for rigidity. It was inmlated
with high-tempetatme alumina and had an exposed junction with a bead diameter of 0.5 mm. Tlgmggouple voltages
were rumpled at a rate of 1250 Hz using a 12 bit analog to digital signal ccmversion board. The reference
tempetatme was taken at the tmmimd slrip witme vollages were measured and updated with each nteasmmnent. Each
temlggatme measurement repor_ telmmmts a time-averas_ mtding for 5 seconds. No attempt was made to shield
the junctim from drop impingement since the flowfield was noticeably diatmbed whea the thegtnocoq_ was
imroduced direetly into the slay region. "l'nisis _ in the _ults wh_e immersion in _e spray l_xloced very
low sempemmn_ At _ outside of the spray region, the presence of the the_mocouple did not have a mticable
effecS oe tbe _

_TAINTY ANALYSIS

Uncertainty in position measurements is estimated to be + 0.2mm for both radial and axial measmements.
Uncertainty in velocity and temlggatme measurements was _ by mmsmemeat repetitiou at a number of
points in the flow_ld. D_p size unccminty in an iscthemud momcdispeeae drop streum is estimated at ± 6.5
percent based on calibration and Wobably is larger in an evaporating spray containing a size distn]_tion. For drop
velocities, uncertainty is estimated at ± 10 _ for mean values and + 6 _t for fluctuating values. Since the
gasphasemeasurementsrequiresizingofa verysmallparticlewheredropsarewesent,theuncertaintyislargerthan



the drop velocity and is estimated at :1:18 percent for mean velocities and + 12 percent for fluctuating velocities.
Uncertainty in gas-phase sheer sUess values me larger and are emimmed at + 40 percent. Uncertainty in gas phase
mean velocity where mean velocities are very small and uutxdence is IXeSmt are larger and me estimated to be +

50 pe_,em. These coMilious &e found ue_ the _ f_ radial a_i Imgenfial velocilies and in the __t
region at the outer edge of _ flowfield for all three velocity components. Un_rtaimies in uncom_wd tem_
_ts me estimated to be :1:10 percent. Drop number flux mmsmemem is the most difficult measurement
to make because it requL-es a accm'ate _t of drop size, velocity, mud lm_ volume size. This is
complicated by the fact that the laser beam power dism_tiou is ganssian and probe volume size is a function of

drop size. In add/tion, in deme regions of the spray, more than one drop can be Ixesent m _ _ vo_ _ _
time causing rejection of the signal which leads to _ of the volm_neflux of the liquid phase. In the
lXeSent set of measurements, integrating the liquid flex measurements across the flowfield gave 21.3% ¢g the metemi
flowrate at 2.5, 21.6 % at 5, 38.2% at 10, 18.4% at 20, and 2.1% at 50 mm downstream of the nozzle. Since the

largest volume flux should be measured at 2.5 ram downslream, the measurements _ for drop number flex
at 2.5 and 5 mm downsWmm are certainly lower than they should be due to the high nmnber densities at these axial
locations.

RESULTS AND DISCUSSION

Gas Phase
Results are lxesented for axial locations of 2.5, 5, 10, 20, 50, 100, 200 and 350 nun downsUeam of the

nozzle. Gas phase mean axial velocities are presented in figtwe 3 for _ single-phase flow without drops
and two-_ flow with combustion at these eight axial locations downslream of the nozzle. The symmetry of the
flowfieid is readily appare_ The two 45 degree angle swirle_ induce a central _m zone along the axis
of the flowfield. At 2.5 nun downslream, the reacting two-phase flow and the hothemtal single-phase flow show
similar results for mean axial velocity. At this _ location, the maximum mean axial velocity for the reacting case
is slightly Ira.getand its radial locatioa is Mfiftedslightly outward ©ompmed to the isothermal case. The _
zone extends upstream of the fu'st _ mtinn. This is illusmU_ by the dam at 2.5 mm downmeam, whe_
there is a small reglm in the center where negative w, locifies an: presmt. Cemedine measurements were attempted
at k3caticm _ to the nozzle and indicated that the negative velocities at lhe centedine PerSist _ _Y

1 mm f_u Ihe uc_zle. The two peaks in axial velocity ase due to the assist-air slnmm issuin8 from the center
odfi_ of the nozzle and the coflow stream. The very low axial velocities at radii between 10 and 20 mm am cansed

by the top of tbe _ between the ¢_mralorifice md the o_low air _. At 5 nnn dowmtream thereare later
diffem_ in nial _ _ _ nzting mK!_ cmes. TI_ nummum _,ial velec_ _d rad_
locaticmofthepeakvelocityhavein_reasedforthet_at.'fingcasedue togasexlmnskmcausedbY thebeat_lease.

Beycmd aradins ofabcmt 15 ram, no _ ate appazent between the reacting and single-l_ume cases. The
negative velodti_ in the n_'_ulati_ zone have increasedfor the re_lin 8 caseand decreasedfor the single-phase
case a:mq_am:l to the results obtained at 2.5 mm dowmtream. Similar trends are ilinstra_ at 10 and 20 mm
downstreamofthenozzle.At 20 mm downstn:am, the maximum axial velocity in the flowfie-ld originating from

the _w sUe_ is larger tl_ that from _e air-assist sUeam kr the single-phase _ This is n.'versed for _,e
reac_g case. At 50 mm down.qream, the air-assist and coflow sUeams have merged and only _e axial velocity
peak isevidem. For thereactingcase,theraaximum veloch'yincreases,and themliallocatimof themaximum

velocity decreases compm_d to the single-phase case. S'nnilar numlts a_e foend at distances of 100, 200 and 350
mm downmeam ofthenuzzle.At 200 mm downseeam thereactingcasehasaposiliveaxialvelacityatthecenter

indicatinglhem_h-culatiaszonehasclosedbuteffectsoftheredrculafimzc_eslillcauseadecreaseinaxialvelocity

ne_thecemer. Thesingle_Mmsecases_iIIhasasIight_e_ativeaxia_©entedinew_cayatthisaxinI_mtine_ At
350 mm dowmlzeam, liUle depreskx_ of the axial veloc/ty at Ibe cemedine is found fer the re_:ting case. At350
mm downmemn, m_enmg limi_ims lX_.'vemedmemurememsfmm being_m at _ rad_ _ whe_ th_
_u_ialveio_y dec_ys to neKly zero.

Mere radial velecilies for the gas phase a_e presented in fisure 4 for eight axial iocatiom downmremn of
thenozzle.Evenattheinitialmeasmemem locatienof2.5mm down,mea_ largedifferencesare_ inradial

velocity between the reacting and single-phase cas_. Maximum radial veioc,ity has increased to about 45 m/s for
thereaclin8 case compared to 15 m/s for the single-phase case d__ to heat _ase and _on of the gas. The
increased recir_ulation zone slrenglh for the x_c'lin 8 case causes the gas to expand _ nq_dly in the radial



directionthantheaxialdirection.Theradiallocationforthemaximum velociW has also increased for the reacting
case compared to the single-phase case. Mean radial velocities at radii largea"than about 15 mm are essentially
identical for the single-ldmse and reacting cases at 2.5 mm downstream. At5, 10, and 20 mm downslream, peak
mean radial vedocities and radial locations for the peak velocity are considerably increased for the reacting case

to the single-phase case. Negative radial velocities i_ the recimalatm zone are also increased for the
re_'dng case comlmed m the single-phase case. At axial distmces or"50 nun and gxeat_r, peak positive radial
vet3dties me similar for the two cases. At 100 mm downsUemn, a bimodal distribution of positive and negative
radial velocities was observed at locations near the center, indicating some unsteadiness in the flowfield. The abrupt
shift from negative to positive mean radial velocity in the data at the cenlerline is caused by a change in the dixection
of fiequency shift at the ceatefline. This unsteadiness is also evident in large fluctuating radial velocities measured
nemrthe center at fl_ese axial locations. Some scatter in the data is also evident at 200 mm downstream.

Mean tangential velocities for the gas phase are ImUtentedin fig. 5 for the same axial locations downstream
of the nozzle. At axial distances of 2.5 to 10 nun downslxeam, peak tangential velocities riven the air-assist slream
are xeduced for the reacting case compmed to the single-pim_ case. Due to the expansion of the gas and the
presence of the drops, a decrease is observed in Ihe mean gas-phase angular velocity for the _g _ __
to flxe single-pimse case. Similar to fl_eresdts shown for the axial and radial velocities, the radial iocatim for the
peak mean tangential velocity is also shifted outward for the reacting case. No diffea_tces are apparent betweea the
reacting and single-phase cases far the outer mean tangential velocity peak from the ce_ow sUeam at axial distances
of 10 mm and less. At axial distances of 20 mm and larger, the simaficm is reversed and the reacting case _ _
mean tangential velocities compmed to the single-phase case. Two distinct peaks are evident at axial dismxr.es of
20 mm and less. The peak nean_ the center is due to the swiflor in the air-assist stream and the ou_ _ _
caused by the swirler in the coflow air stream. At axial distances of 50 mm and larger, the air-assist and coflow
meatus have merged to give a single tmgenfial velocity peak, similar m the _sults shown for axial velocity.

Pluctuming axial velocities f_ the gas phase are illusUated in fig. 6. The fluctuating velocities presented
_remot-me_ values(rms). At 2.5 mm downsueam, little differeace in fluctuating axial velocity is evident
between the macling and single-pimse cases _ that thc drops have 5trio effect on the flucamting axial velocity
at this location. "I'nemaximum fluctuating axial velocity is shifted slightly outward fer the xeacting case similar _

the results lneviously shown for mean axial velocity. At 5 and 10 mm downstream, the peak flucmaling axial
veiocitk_ for the reacting and single-pimse cases are again similar, and the location of the peak has also _
slightly outward f_ the reacting casc. At axial locadom of 20 mm and farth_ _ the reacting case
¢onsisteatly Mmws higher values of fluctuming axial velocity, howev_, mere axial velocities _ _ _
see fig. 3. At axial _ d lOOmm md farther downstre_, lhe largest values of _ axial veloCtty are
found at the cmtedine. At these axial locations fluctuating velocities me not gelgaled Z lmrgeradii where velocities
should decay to nearly zero due to traversing iimflatim_

l_gtwe 7 Wesetlts flm:tuatiag radial vekgities for the gas-phase. Again, the values Wesented agerms values.
In cetexast to the results fee mean radial velocity, peak values of fluctna_g radial velocity are quite similar for the
reacting and single-phase cases at 2.5 mm down.qxcmn. The radial location of the maximum has shifted radially
oetward for the geacting case _ to the single-phase case. At 5 mm and iarg¢_ distam:es downsueam,
maximum values of fluc_ ntdial velocity for the n_cfing case ate iarser tlnm lhe sin_ _. At axial
locations of 50 mm and fatlher downstnmm, peak values of fluctuating radial velocity for the _g _ _ f_
m the cen,erline and are considerably laqter dum the single-phase case. This is caused by some _ in
radial _3city near the c_r, Iw previously _ F,or lhe geacling ca.w., fluc_g radial vek_ me
comparable to fluclnming axial velocities at 2.5 and 5 mm downstream. At distances of 10 to 50 nun downsmun,
fluctuming radial velocities are lower than fluctualing axial velocities for the coml_ case. Similar to
previous sesults for fluctnaling axial velocily, at axial disttaces of 100mm downstream aad greater, measmeme.nts
me mt feinted at radii larse eaough _r measured values to apprmch zero.

Fire,minting langenlial rms velocities for the gas phase are _ in fig. 8 for the singl_ and
reacting cases considered in dte ptescmt study. Similar to the results lxeviously illusWaled for the mean tangential
velociv/, at axial locations less film 20 nun from the mz_, fl_u_ag mageatial velocities far the gas phase am
reduced for lhe reacting csse omnpmed to lhe single-ldmse cnse. At axial locations of 20 mm nnd _

downstmmn, fluclualing tangential velocities we larger for the reacting case except near the edges of Ihe flowfield.
At axial locations of 50 mm and lnrgc_, the peak fluctuating tangential velocity is located at the cemcdinc.



FlucUmtingtangentialvelocitiesarelessthanfluctuatingradialvelocitiest axial locations 20 mm aad closer to the
nozzle. At axial distances larger than 20 mm downsUemn, fluctuating tangential and radial velocities me similar.
At very lm-ge downmemn distances, 350 mm downsUemn, all flmee compments of fluctuating velocity m'e similar.

Meamreane_ of the shear stress u'v' f_ the gas phase are lXesmted in figure 9. Results me again
presented at the eight axial locations for the reacting and sin_ cases. As discussed in the uncertainty
analysis, there is more uncertainty in the shear sUess measmements cmnimed to those ptevimmly gestated. Cubic
spline fits to each data point me drawn in order assist in the intm]netatkm of the _ _ 1_ _ m _ _ _
the nozzle. At 2.5 nun downsttemn, the largest values of u'v' ate found in the shear regiou between the air-assist
stream a_d the _ zone where large velocity gradients exist. The maximum positive value is'shifted

radially outward and is slightly higher for the reacting case compared to the s/ngle-phase case. This is also very
evident at 5, 10 and 20 mm downstream. A negative value of u'v' at a radius of about 10 mm at 2.5 mm
downsUeam is evident for the reacting case that is not shown for the single-phase case. The reacting case has a
sharp decrease in radial velocity at this radial location as shown in figure 4. At 50 mm downsUeam peakpositive
values are similar for the single phase and reacting cases but isrger negative peaks me _ for the laUer case
due to the larger negative radial velocities for the reacting case. At larger down.memn distanc_ measured values
of u'v" decrease omsidmably for both the re_mg and single-pimse cases. The reacting case has slightly isrger
posidve and negative values of u'v" than the single.plmse case.

_ of the shear stress u'w" for the gas plmse are presented in figure 10 to complete the set of
gas phase measmements. At 2.5 and 5 nun downstream, the single-plmse case has larger positive valnes of u'w'
compmed to the reacting case. At these axial locations, mean tangential velocities were also reduced f_r rite reacting
case as previously illumated in fig. 5. Similar to the results for u'v', a negative peak of u'w" is evident for the
reacting case but not for the single-phase case. At I0 and 20 ram downsUeam, the measurements show dramatic
differences between the two cases. The single-phase case has positive u'w'peaks while the reacting case is genmally
negative. For the reacting case, at 10 to 20 mm downmeam, the larger peat in mean taa_ velocity shifts to

the peak found at a larger radius and the tangential velocities for the reacting case me now larger than flmse f_mn
the single_ phase case. At 50 mm downstzemn, the she_ stress u'w' for the reacting case now has a positive peak,
although it is relatively small At larg_ downstream distances, u'w' decays consiclerably and measured values me
quite small at 350 mm downmeam for both cases.

IAquid Phase
Mere axial velocity for the drol_ is illuslmted in fig. 11. Retails ale presented at _ locatious

of 2.5, 5, 10, 20, aad 50 mm downstzeam of the mzzle. At the next meamremeat posiliou of 100 ram, not esmugh

drops wege gesout to have cenfiden_ in the velocity memmemm_ Remlm ale illustrated for drop diantem_ of
6.9, 15A, 23.8, 40.8, 66.2, and 97.2 microns. Each drop diameter has a raze nmge of 2.8 m Velocity

me_memeo_ for a particular size me not presented at locations whe_ not enough valid _ wa_
obtained. This is particularly lme for the largeg dmp sizes. Gas phase _enls for the comlmsling cue age
illustrated by a solid line reweseating a spline fit between the meammi data points. At axial locations of 2.5 and
5 mm cknvnsttemn, it is evident Ihat the mutller drops follow the gas phase velocity more ck3eeJy k IKger drops.
In the recirculatm zo_ evea fire 6.9 a drops lag the gas 13baseby a comidmable amouat. This was also
observedby_etal. _' At 2.SmmdmvnsUeam, lhe drops am only found in a narmw region of the flow. A
gelalively large velocity diffegem:e between various drep si2_ is also gplHent. This is especially evident at 5 nnn
downmmm, where u_epeak axial veMcity of the 66 mimm drops is about 20 m_ knng than the velocity of the 6.9
n d_ps. In fl_ n_-cul_,fion zo_ at 5 mm_ rely dropswith dizma-.S_of 23.8 mi_ms _! smll_
have negative axial _ The larger drops imve enough mmentum to retain pesitive values of axial velocity
in the _ rune at _s axial iocafio_ At 10 mm downmeam, the axial velocity is changing very ral/dly
as the air-resist stream cmtaming the droln eacounters the negative velocities tmthe mcinutlafim _ The result
is emt the peak mean axial vetocity for the 40.8 m drops is simitm"to e_e gas ptmse. The peak velocities of
the 6.9 and 15.4 micnm dn_ me nemty idemical as the _xJp _ adjust to the mpi_y ctumging _ _
fl_,fieid. At 20 mm downmem, the radial iocatiou of the peak velocaim of the drops coincides with the edge of
the_ou zone. Thedropvelccitiescondnuetoadjusttoe_ismpid_clmqing gasplmse. This is inummed
by the mote rapid deaease in the velocity of Ihe 6.9 nficmo drops cempmed to larger drops. The adjustmeat in drop
velocity is complete by 50 mm downstream where it is evident that the smallest drops again show the least amount
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of slipwiththegasphase.At 50 mm downsUemn, the dvo_ have larger vek_cities than the gas phase and the iargez
drops generally have higher velocities, except f_ the 66.2 micron drops. At axial distances of 10 nun downstream
and larger, esseafially no drops are found in the central regions _ the flowfiel& Due m the evaporation of the drops,
very few larger drops m-e found at 50 mm downsucam of the nozzle.

Measurements of mean radial velocity for the drops are presented in fig. 12 for the six drop diamete_ at
the same five axial dislances downstream of the nozzle. Again, the gas-phase measuremeats are indicated by a solid
line. Results for mean radial velocity are very similar to those pre_y observed for axial velocity. At axial
distances of 2.5 and 5 nun downstream, the size-velocity cotredaficm is ve='y _ with the 6.9 _ dtvps
tracking the gas-phase flowfield nmfe closely than the larger drops. At the outer edge of the flowfield, the gas-phase
radial velocity decays quite rapidly resulting in relatively large slip velocities between the drops and the gas phase,
ewm for the 6.9 micron drops. At 5 mm downstream, only the small_ dm_ are cmried into the redrculafion zone,
illustrated by Iheir negative radial velocities. At 10 and 20 mm downstxeam, as previously discussed for axial
veiocily, rite gas phase mean radial velocity is also changing very rapidly as the air-assist slream is strongly
influenced by the central tccinxdation zcme. The momentum of the evatxntmg drops wescm at these axial locations
cause their velocities to be significantly different than the gas phase. At 50 nun downsecam, the drop velocities
ba_¢ adjusted to the gas phase flowf_id and the smallcr drops again show the least amount of slip with the gas
phase. Similar to the results Im_viously shown for axial velocity, Ihe larger drops have significamly larger"velocities
than the gas phase at this distance downsueam.

Mean tangential velocity measa_ments for the drops are wesented in fig. 13 for the same six drop sizes
and axial locations as the previous two figures. It is apparent Ihat the tangential velocities are considerably lowez
and not as symmelric as previously observed for axial cc radial velocities. At all axial locations, the size-velocity
ccm_iation is very unffom for meantangential velocity. The larger drops have lower mean tangential velocities than
retailer drops. 'l'ne gas-phase tangential velocity does not undergo the very rapid changes observed for the radial
and axial velocities and the drops m'eable to adjust to the changes. Again, very few large drops are found at the
50 nun down.qteam location due Io the evaporation of the

Fluctuating axialveiocity meastmmsmts for lltedrol_ are wesented in fig. 14. Ataxial iocatiom of 2.5 and
5 nun downstream, the fluctuating axial velocity is correlated with drop size. The _ drops have larger
fluctuating velocities than larger drops amdthe drop velocity flectuaficm are lower than these found in the gas phase.
Similar to lhe results illumaled for mean axial velocity, at downstream dislances of 10 and 20 ram, Ihe gas-_
envinmnzat that the drops encotmter is chaagin8so rapidly that the drop velocity fluctuations lag the development
of the flowfieid. At 20 mm down_ Ihe 6.9 mitm3ndrops geaetaUy have lower fluctuating axial vek_ _
the 15.4 and 23.8 D dtop_ lint higher _g vek3cities than the 66_2 and the 40.8 miaott ckol_ The drop
fluctuating velocities are also lower than the gas phase, except at locatiom in the cea_ _ _. At50
mm downstream, the 6.9 micxee drops have fluctmtlmg velocities similar to the gas phase. Simila" to the re_Jl_
illustrated for mean axial velocity, the larger drops tend to have larger fluctuating axial velocities at 50 nun
do_ except for the 66.2 micron drops. The_ ale also considentbly fewer larger drops at Ibis axial lecation
due to evaporation; consequently, the gesults are based on feweg validated measuw,nw,nts which would increase file
uncertainty in the measmemen_.

FtS. 15 lmUtmts _ offluctnating radial velocity for the drops. Re,dis are similar to tlmse
p_ _gm, n f_ fl_ axial vek_. At 2.5, 5 and 10 mm downsm_m, the smaikr drops tend to have
la_er fluctuating velocities and all fluctuating drop velocities are _ than the gas phase. As previously
discussed, betweea 10 md 20 mm downseeam, the gas phase radial velodty cringes so rapidb, that drop vetodty

deveiqptmmt lass co_. By the time the drops Iravel to 50 mm downstream, lhe drops generally have laaler
fluctuating radial velocities _ the gas phase, however, they Mso bare lars_ mean radial velocities, scc fiS. 12.

H_ tmgenfiM ve,loc/ties for the ckops a'e _in fig. 16. AsprcviouslyiUusttated for mean
mngemial _ l_x_iing umgem_l drop velocities _ _ with drop _ at an axial locations.
FlucU_ting tmgemial vebx_ty incte_ wi_ decreasing drop _e and all fluctuating drop velocities are Iowcz than
the gas phase. At ]0 md 20 mm down.meffi_ where the gas pt_ flowfiad is changing rapidly, _ __ m
flucUming tmgential vclodty betwem fl_edrops md _e gas phase _ larger tim _ _ _ _ Relati_vly
lagge diffea_tces a_e appanmk even for the 6.9 mkmm drops. At aa axial distance of 50 mm downstw,am, the 6.9

micrm drops have fluctuating velodties about equal to the gas phase and fluctuating velocities of iarg_ drops are
lower.



To comple_thedropm_summmts,dropnumberfluxesforthesixdrop_ are presented in fig. 17.
Thcrcsults_im_videdas the numbcrofdrops/cm=s smisrcpimmionak_scale. The insmmlmtdivid_thc

dn_p siz_ dislribution into 50 size bins. These 50 bins were combined into 10 sizes in onk_ to make the dala set
m_e_blc. In_isfigm_,sixof_c 10coml_ddropsizebim_pm_mi. "l_dim_tersWescn_ _t
mean values of size bins with a width of 8.5 micrm_ for the 6.9, 15.4, 23.8 and 40.8 micron drops, a width of 14.2

microns for the 66.2 mk-rm drops, and a width of 19.2 mimous for the 97.2 micron drops. To __,__,_ly account
for all the measmed dmp_ the nmnber fluxes for the mnainin8 four sizes would also be required. The nozzle used
in the present study Isoduced a very large nmnber of relatively small drops, evident in the results at 2.5 mm
downstream. Nember flux increases with decreasing drop size, reaching a maximum at a radius of about 6 mm at
2.5 mm downstream. The maximum number fluxes show a variation of four orders of magnitude betweem the large

and small drop sizes. Drop number fluxes decrease slightly between 2.5, 5 and 10 nun downslream. As previously
discumat, integrated volume fluxes increased betwe¢_ 2.5 and 10 mm downstream even though actual number flux
values decrease, because the drops are found at larger radii. Between 10 and 20 nun downsueam, number fluxes
mbstmtiany decrease as does the integrated voleme flex. At 50 mm dowmUeam, most of the drops have evapctmed
and the mnaining drops ale smaner. Very few drops are fomtdin the ceaterat 2.5 mm downsueam andby 10ram
downstremn of the mzzle, essentially no drops a_e fcmnd in the ceatral recinmlatm zone. There is a siight
asymmetry evickmt in the numbm"fluxes at 5 and 50 mm downstream. The pcmitive values of radius have slightly
reduced number fluxes compared to the negative side. Integrated liquid volume flexes genera_y were also la_m"
for the negative side.

Tempemt_
Gas phase average tempemtm_ are preseated in fig. 18. Radial Wofiles are presented for axial locations

from 2.5 to 200 mm downstremn of the nozzle, l_sults m_ presmm:d iilusuming both the teml_ranm_ _
as taicm and tl_ measur_nem cccr_! for radimion l_at loes f_mn thc _. The r_h_tion cmroctiou was

performed similar to Shu_ e_ aL_, considering rely radialim heat loss to ambiem _gs and negkcling any
radiation l_at lransfer from the soo_ pr_ in ti_ flam_ "l_ _mpm_Jm_ _ va_ioJ with temperature l_v_l

epto a maximum of about 150K. At 2.5 mm downstream, 8as-phase tempemm_is substantially elevated ovm'the
inlet temperalme and has a maximum conected temperalme of abcmt 1650 IL The dramalk reductions in
mnpmanu¢ for 2.5 mm downstream at a radins of aboet 5 mm are caused by droplet impingemeat m the
thmmc(mple bead; the_ofore, these _ts are not realistic gas phase tem_ No attempt was made
to Mdeld the dmmcc(mple flora the _ops became _e Iseseace of the evea the small _le bead in the qnY
caused visible distm'tion in the flowfield. A noa-inlmsive technique is nXluked for accun|te gas phase tempm'attwe
messtwemeae in regions whe_ substantial numbers of drops me present. At 5 nun downstream, maximum
mnlm'mum have ira:mined to about 1840K. The sharp mim:tim_ in tempmaUue due to droplet impingemeat are
still lxeseat andare fotmd at a radius of about 9 ram. At 10 mm dowameam, the maximum _ tempenme
is about 1825 K and the width of the higher _ _'_oa is larger. Drop impingement is sWl evident at a
rad_us of about 15 ram. At 20 mm downslream, the drop number _ has substantially decreased, seefig. 17,
andthis is nd]ectedin smaller temperature redoclions doe to drop impingemeat at aradim ofabout21 mm. Similar
Inmds a_ evidmt at axial iocatim_s farther dowusaemn. At 100 sad 2(}0 mm downstream, very few drops remained

and m drop impingeateat on Ihe themmmeple bead was aplmmt. Some asymmelry is evident in the tempmatme
lXofiles, with the negative radius having a higher temlmmare than the positive. This side had geaemlly higher
measmmaeats of volume flux indicating m increase in fuel-air ratio for the nesative side compared to the positive.

_SIONS

Gas phme axial velocity is incmmed for the combmling spray case compami to the sinsle-phme isothemtal
cme due to the ps expamim camed by the heat _tse. The mm_ of the recinmlmim zone is also _
for the reacting case and the ovendl ieasth of the t_'mmlalkm zone is shot_" compm_d to the sin_ case.
At axial distances up to 20 mm downsamR of the nozzle, ps phase meaa radial _ are subslanfially

the reacting sway case compamt to the single-phase case due to the presence of the drops and the gas expension
due to heat release. At 2.5 mm downslremn, negative axial velocities were measured for a small region at the cente_
of the flowfield for both the re_ling and single-phase cases.



Meanaxialandradial velocities for the drops lag the gas phase velocities at axial distances of 2.5 and 5
mm downstream. At these axial dLsmnces downstream, the slip velocity increases with/ncreas/ng drop size. At I0
and 20 mm dovamremn, the drop axial and radial velocides are adjusting to the rapidly changing gas-plume flowfield
and the velocity _ with drop size is not as uniform as observed at smaller distances __. AtS0
mm do_, mean drop axial and radial velocities are larser alum the gas phase.

Mean tangential velocities for the drops lag the gas plmse at all axial locations downsUemn of the nozzle.
The size velocity ccrrelmim is very apparent with the smaller drops showing the least amount of slip with the gas
phase. At 20 mm downstream, the larsest velocity difference between me ps phase and the drops _ _

Drop number fluxes at 2.5 nun downsUemn il]uswme the drop size disuibudon produced by the research
air-assisXatomizer used in the preseat study. Number fluxes were directly related to drop size with smaller sizes
having larger numbers of drops. Drop number fluxes decreased slightly between 2.5 and 5 mm downstream and then
steadily decreased. At 50 mm downslxeam drop number fluxes are considerably reduced as well as the number of
larger drops.

Mean gas phase tempemtmes show elevated temperatmes at the first axial measmement location of 2.5 mm
downsUemn of the nozzle due to a small region with negative axial velocities. Maximum gas phase tempexmmes
were ei3mrved at 5 mm downstream of the nozzle and then decreased as axial distance incxeased. Drop impingement
on the thermocouple bead produced very low temggratun_ in regions where the number of drops w_e substantial
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Figure 1 .--Schematic drawing of the combustor.
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Figure 12.- Drop mean radial velocity profiles.
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Figure 13.- Drop mean tangential velocity profiles.
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Figure 14.- Fluctuating drop axial velocity profiles.
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Figure 16.- Fluctuating drop tangential velocity profiles.
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